Introduction {#sec1}
============

Ischemic heart disease (IHD) is the leading cause of death worldwide \[[@cit0001]\]. Advances in revascularization strategies have led to improved survival after acute myocardial infarction and resulted in more patients living with the disabling symptoms of chronic stable angina (refractory angina) and ischemic heart failure \[[@cit0002]\]. These latter populations represent a highly symptomatic and health care resource intensive group of patients.

Refractory angina is not unstable angina or myocardial infarction but is stable angina that is not eliminated by current optimal medical therapy and/or revascularization. Also, it is not uncommon to find patients with significant residual angina after revascularization \[[@cit0003]\].

Although it is difficult to define simple criteria for medically refractory ischemia that apply to diverse populations, it is clear that there are patients for whom medical therapy fails to control their symptoms \[[@cit0004]\].

The majority of them have exhausted their options of medical and standard revascularization therapies (percutaneous coronary intervention, bypass graft) and are in need of alternative therapeutic strategies \[[@cit0005], [@cit0006]\] mainly due to limitation of quality of life.

It has been estimated that at least 300 000 patients in the United States experience refractory angina pectoris, and that this number could be as high as 900 000, with 25 000--75 000 new cases diagnosed annually \[[@cit0007]\].

Transmyocardial laser revascularization (TMLR) and cell therapies using adult stem cells have emerged as experimental treatment modalities for patients with refractory angina who are not amenable to percutaneous or surgical revascularization. There is cumulative evidence suggesting that these therapies result in improvement of angina stage, exercise capacity, and quality of life \[[@cit0008]--[@cit0011]\]. Among several mechanisms proposed, evidence supports angiogenesis within the treated myocardium as a major contributing factor for symptom improvement with the above-mentioned therapies \[[@cit0012]\].

Mesenchymal stem cells (MSCs) along with other pluripotent stem cells have been said to be an effective tool for angiogenesis, cardiac regeneration and hence cardiac tissue recovery.

Mesenchymal stem cells are present in almost all tissues of the body and are mainly located in the perivascular alcove. They can be derived from disparate adult (e.g. peripheral blood, adipose tissue, bone marrow) and neonatal (umbilical cord, amnion, cord blood and placenta) tissues, based on their therapeutic application \[[@cit0013]\].

Bone marrow derived mesenchymal stem cells (BM-MSCs) are the most commonly used adult stem cells because of their wide availability and multipotency, i.e. ability to differentiate into cells of mesenchymal origin (osteoblasts, cardiomyocytes) \[[@cit0014]\]. However, BM-MSCs are suboptimal because of the invasive procedure required for harvesting and decline in proliferation and differentiation potential of cells with increasing senescence \[[@cit0015]\]. As an alternative, Zuk *et al.* \[[@cit0016]\] introduced a multipotent, stem cell population isolated from adipose tissue that is phenotypically similar to the BM-MSCs. Adipose tissue is composed of mature adipocytes and a supportive stromal vascular fraction (SVF). Stromal vascular fraction is a heterogeneous mixture of cells including multipotent adipose tissue derived stem cells (ADSC). The ease of repeated harvesting by a minimally invasive method (liposuction), quality of the harvested cells, proliferation capacity of the stem cells that does not decline with the age of the patient, and the angiogenic potential in the IHD population \[[@cit0017]--[@cit0020]\], make ADSC the preferred alternative cell source for cellular regenerative therapies \[[@cit0021]--[@cit0023]\].

Combining TMLR with cell therapy resulted in an increase in vascular density as compared to TMLR alone \[[@cit0024]--[@cit0026]\]. Therefore bio-interventional therapy, i.e. a combination of TMLR and intramyocardial injection of adult stem cells, is being treated as the "holy grail" of myocardial remodeling and is believed to combine the advantages of both laser and cell therapy for improvement of symptoms and cardiac function \[[@cit0027]\].

Aim {#sec2}
===

The aim of the study was to present 6-month follow-up clinical results of this combined therapy using ADSC.

Material and methods {#sec3}
====================

Patient selection {#sec3.1}
-----------------

The study population included 15 patients with severe refractory angina due to anterior wall myocardial ischemia who were ineligible for revascularization strategies (PCI and bypass graft).

Refractory angina was defined as stable angina pectoris, presence of coronary artery disease, in patients who despite optimal medical therapy (OMT) have severe angina and functional class III or IV according to the Canadian Cardiovascular Society (CCS). Optimal medical therapy included maximum tolerated doses of at least two anti-ischemic agents (β-blockers, calcium channel blockers, and long acting nitrates), antiplatelet therapy, and aggressive lipid and blood pressure lowering therapies.

Anterior wall myocardial ischemia was defined as impairment of flow in the left anterior descending (LAD) artery (\> 75% stenosis) confirmed by coronary angiography, cardiac magnetic resonance (CMR) imaging demonstrating hypokinesis/akinesis of the anterior wall and non-transmural (\< 25%) anterior wall scar. A heart team comprising three cardiovascular surgeons and two cardiologists determined the ineligibility for percutaneous or surgical revascularization based on coronary angiography.

Exclusion criteria were left ventricle ejection fraction (LVEF) of less than 20%, acute myocardial infarction within 6 months before enrollment, history of malignancy, renal dysfunction (glomerular filtration rate \< 30 ml/min/1.73 m^2^), unexplained hematological abnormalities, valvular heart disease requiring surgery, congenital heart disease, malignant arrhythmias, contraindications for general anesthesia and inability to undergo CMR imaging (for example: claustrophobia, allergy to contrast).

Of the 75 patients (60 men -- 80%, 15 women -- 20%) screened, 15 patients (12 men and 3 woman) were included in the study. Other patients could not be included in the study because they: met the exclusion criteria, had a pacemaker, were admitted for percutaneous coronary interventions (PCI) or coronary artery bypass grafting (CABG), or did not consent to the study.

Quality of life was assessed on the basis of Medical Outcomes Questionnaire Short Form 36 Health Survey (SF-36). The SF-36 measures eight scales: physical functioning (PF), role physical (RP), bodily pain (BP), general health (GH), vitality (VT), social functioning (SF), role emotional (RE), and mental health (MH). All items are scored so that a high score defines a more favorable health state. In addition, each item is scored on a 0 to 100 range so that the lowest and highest possible scores are 0 and 100, respectively. Scores represent the percentage of the total possible score achieved.

The institutional review board ethics committee approved the protocol and written informed consent was obtained from each patient.

Cell preparation and delivery {#sec3.2}
-----------------------------

Subcutaneous adipose tissue was successfully harvested from all patients through elective cosmetic liposuction. The amount of harvested tissue depended on the patient's anatomy. The Celution 800/CRS System (Cytori Therapeutics, San Diego, CA) was used to obtain ADSC according to the manufacturer's instructions; it has an average viable cell yield of 2--5 × 10^5^ cells/g. The Celution system is an automated system, which prepares ADSCs by washing, enzymatic digestion of tissue and concentration after fat harvest in a self-contained system. This dedicated medical equipment enabled reliable and reproducible isolation of adipose-derived stromal cells from fat tissue \[[@cit0028]\].

A mean volume of 240 (range: 120--360) ml of adipose tissue and an average of 40 × 10^6^ (range: 37 × 10^6^ to 65 × 10^6^) ADSC with a mean cell viability of 80.6 ±5.1% were harvested from each patient.

The harvested suspension of stem cells was then immediately delivered to the patient from whom it was obtained, without any manipulation. Each patient had five channels created with simultaneous delivery of 1 ml of suspension around each channel during TMLR and implantation of ADSC.

All patients underwent left anterior thoracotomy and TMLR using a low powered (7 W) holmium : yttrium--aluminum--garnet (Ho:YAG) laser and intramyocardial injection of ADSC was performed using the PHOENIX combined delivery system (Cardiogenesis, Irvine CA, U.S.A.) ([Figure 1](#f0001){ref-type="fig"}). Both the treatments were performed under general anesthesia using intravenous infusion of propofol, sufentanil, and pancuronium. Cardiac rhythm, central venous pressure, and arterial blood gas were monitored during the procedure.

![Transmyocardial laser revascularization combined with stem cell delivery being performed with the PHOENIX combined delivery system (Cardiogenesis, Irvine CA, U.S.A.). Hand piece consists of a flexible, fiber optic scope, with 3 needles, for delivering stem cells into the myocardium around the channel produced by the laser](PWKI-14-33025-g001){#f0001}

Six-month follow-up study outcomes {#sec3.3}
----------------------------------

Safety was assessed by recording the occurrence of malignant arrhythmias, major adverse cardiovascular or cerebrovascular events (MACCE), defined as cardiac death, myocardial infarction, stroke, emergent percutaneous or surgical revascularization, or any other adverse events from enrollment to the 6-month follow-up.

Efficacy was evaluated by the number of hospitalizations for angina. Angina severity was assessed by sublingual nitroglycerine (NTG) use and CCS angina class at the 6-month follow-up. Health status was evaluated on the basis of the Study Health Survey Questionnaire (SF-36).

To further evaluate the cardiac function, left ventricular ejection fraction (LVEF) assessment was performed using two-dimensional transthoracic echocardiography (2D-TTE) at baseline and at 6-month follow-up. Cardiac magnetic resonance imaging was performed after the TMLR procedure, using a 1.5-Tesla whole body scanner (Magnetom Sonata Maestro Class, Erlangen, Germany) to assess changes in the myocardium.

Statistical analysis {#sec3.4}
--------------------

This is the first study in humans looking at the feasibility and safety of combining TMLR and intramyocardial injection of ADSC. No prior data were available for power calculations. Accordingly, the results are presented as the change from baseline in all the patients. As a phase I/IIa study, statistical assessment of efficacy is not the goal of the study. We believed that it would not be correct to display them because these were not the pre-specified aims of the study. The authors take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.

Results {#sec4}
=======

Fifteen patients -- 12 male and 3 female, with a mean age of 65 years (ranging from 55 to 74 years) -- were enrolled at our institution from September 2015 to April 2016. Nine patients had chronic total occlusion of the LAD while the other 6 had severe (75% to 99%) stenosis of the LAD with median CCS angina class of III. The baseline characteristics of the patients including all the comorbidities are shown in [Table I](#t0001){ref-type="table"}.

###### 

Baseline characteristics and 6-month follow-up results (*n* = 15)

  Parameter                        Result                                     
  -------------------------------- ------------------------------------------ ----------
  Chronic ischemic heart disease   100% (15)                                  
  Age, mean (range) \[years\]      65 (55--74)                                
  BMI \[kg/m^2^\]                  29.8 (24--42)                              
  BSA women                        1.7                                        
  BSA men                          1.93                                       
  Post-MI                          80% (12)                                   
  HA                               93% (14)                                   
  DM                               33% (5)                                    
  Post-PCI                         33% (5)                                    
  Post-CABG                        20% (3)                                    
  LAD:                                                                        
                                    CTO                                       60% (9)
                                    Significant stenosis (75--99% stenosis)   40% (6)
                                    Hypercholesterolemia                      87% (13)
                                    Peripheral atherosclerosis                33% (5)
                                    LVEF (mean)                               34.8%
  CCS:                                                                        
                                    1                                         --
                                    2                                         13% (2)
                                    3                                         60% (9)
                                    4                                         27% (4)
  6-month follow-up:                                                          
                                    Death                                     0
                                    MACCE                                     0

Data shown as mean ± SD or as median (IQR), or number (percentage). BMI -- body mass index, BSA -- body surface area, MI -- myocardial infarction, PCI -- percutaneous coronary intervention, CABG -- coronary artery bypass grafting, LAD -- left anterior descending, CTO -- chronic total occlusion, LVEF -- left ventricle ejection fraction, MACCE -- major adverse cardiovascular or cerebrovascular event, CCS -- Canadian Cardiovascular Society scale.

No peri-procedural complications were observed. All patients were discharged on the ninth postoperative day. No malignant arrhythmias or MACCE were reported during the 6-month follow-up period ([Table I](#t0001){ref-type="table"}).

Mean CCS angina class improved from 3.2 to 1.4 at the 6-month follow-up ([Figure 2 A](#f0002){ref-type="fig"}). The necessity of nitrate usage decreased from 15 ±10.4 to 1.2 ±3.5 days. No patient required hospitalization for angina or other cardiovascular problems during the 6-month follow-up period.

![**A** -- Canadian Cardiovascular Society (CCS) Scale for Angina and **B** -- left ventricle ejection fraction (EF) (%): at baseline compared to 6-month follow-up in study population after adipose tissue derived stem cell transplantation](PWKI-14-33025-g002){#f0002}

According to the SF-36 Health questionnaire, after 6 months of observation, 73% reported a health improvement. All patients reported that they could walk 100 meters and climb 1 floor with little or no limitations. Seventy-one percent of patients after 6 months felt symptoms of angina very rarely or never.

The quality of life improved in the dimensions regarding physical functioning, bodily pain and general health ([Figure 3](#f0003){ref-type="fig"}).

![Changes from baseline to 6 months in domain scores for the SF-36: physical functioning (PF), role physical (RP), bodily pain (BP), general health (GH), vitality (VT), social functioning (SF), role emotional (RE), and mental health (MH)](PWKI-14-33025-g003){#f0003}

There was a 3% increase in mean LVEF on 2D-TTE at the 6-month follow-up in whole group ([Figure 2 B](#f0002){ref-type="fig"}).

Three patients who underwent repeat CMR at the 6-month follow-up as per the request of ethics committee demonstrated an increase in mean LVEF from 24% to 27% and stroke volume index (SVI) from 35.26 to 46.23 ml/m^2^ ([Figure 4](#f0004){ref-type="fig"}). Cardiac magnetic resonance also revealed improvement of endocardial movement and myocardial thickening in the treated area.

![Improvement in cardiac MRI parameters from baseline to 6-month follow-up (*n* = 3): **A** -- stroke volume index, **B** -- left ventricle mass, **C** -- left ventricle ejection fraction](PWKI-14-33025-g004){#f0004}

Discussion {#sec5}
==========

This was the first in-human study evaluating the clinical results of combining TMLR and intramyocardial injection of ADSC in patients with severe refractory angina. We were able to successfully harvest and deliver the ADSC in high numbers, in real time (2 h) and combine it with TMLR with no peri-procedural complications. No one sustained MACCE, malignant arrhythmias, or any other adverse events during the follow-up period. The effect sizes noted in our study are low, and it will be important to further examine safety in future large scale clinical trials. This is especially true given the adverse events reported in the ATHENA trials \[[@cit0023]\]. Eighteen of 31 (58.1%) patients were reported to have at least one serious adverse event during the trial (ADSC 9/17 (52.9%), placebo 9/14 (64.3%)). The reasons for such high adverse event rates in the ATHENA trials are unclear but could be dependent on cell delivery techniques used. Our strategy reported here might offer an advantage and must be tested in further large-scale studies.

During the follow-up, there was a reduction in CCS angina class, nitrate use, hospitalization for angina, and improvement in cardiac function (LVEF). Our results are comparable to the results from previous studies such as APOLLO \[[@cit0029]\], PRECISE \[[@cit0030]\], and MyStromalCell \[[@cit0031]\], which also demonstrated the safety and feasibility of ADSC use. In addition, the results indicate that ADSC use preserves cardiac function, improves cardiac perfusion, and even reduces scar tissue size, thereby reinforcing the findings of the previous preclinical trials.

Patients with refractory angina had reduced quality of life compared to the remaining population of patients with ischemic heart disease. Dimensions in the quality of life especially concern bodily pain and general health \[[@cit0032]\]. In our study, 6 months after combining TMLR and intramyocardial injection of ADSC in patients with severe refractory angina, quality of life improved in the dimensions regarding physical functioning, bodily pain and general health. Similar benefits in terms of symptoms and quality of life (SF-36) after autologous injection of ADSC were reported in the publication from the ATHENA trial \[[@cit0023]\].

Unfortunately, no firm conclusions could be drawn from the ATHENA trial because of its early termination due to non-ADSC-related adverse events and prolonged enrollment time.

The meta-analysis published by Khan *et al.* also indicates that cell-based therapies are not only safe but also lead to an improvement in indices of angina, relevant clinical outcomes, and myocardial perfusion in patients with refractory angina \[[@cit0033]\]. Although the use of cell therapy in other cardiovascular conditions such as heart failure has been less successful, the data to support its use in refractory angina are evident and warrant continued studies in larger clinical trials \[[@cit0003]\].

We considered the ADSC production of paracrine factors and their role in myocardial regeneration or vasculogenesis. It is expected that patients with refractory angina and advanced ischemic heart disease will benefit most from neo-angiogenesis of ischemic myocardium. Analyzing the area of the myocardium in which stem cells were implanted, we assessed the endocardial movement and myocardial thickening and their impact on the parameters of left ventricle function. The improvement in the endocardial movement, inwards movement and myocardial thickening of the anterior heart wall may be the result of an improvement of blood supply and remodeling process in the study area. The observed improvement in function of the anterior heart wall directly affects the function of the entire left ventricle, which is estimated on the basis of increased stroke volume index and LVEF. Our results from CMR imaging analysis were similar to the results from previous studies performed on porcine models \[[@cit0034], [@cit0035]\]. Though improvement in left ventricle function after ADSC implantation in patients with ischemic cardiomyopathy has been well reported, the efficacy of the different cell delivery techniques is still unclear and the optimal delivery technique for a particular disease still needs to be defined. It was found that direct injection into the myocardium immediately after LAD occlusion provided the largest stem cell retention in the injured myocardium (14 ±4% of the total injected cells) \[[@cit0036]\]. Direct surgical myocardial injection can be performed in hypokinetic myocardial areas that are not suitable for surgical bypass grafting \[[@cit0037]\]. The safety of intramyocardial stem cell transplantation is well proved by many studies \[[@cit0026], [@cit0038], [@cit0039]\].

Transmyocardial laser revascularization entails the creation of laser channels within the ischemic myocardium in an effort to improve perfusion by angiogenesis. Even though TMLR is thought to induce signaling via myocardial injury and inflammation, the quantity and duration of native stem cell homing have been heavily debated.

Transmyocardial laser revascularization plus intramyocardial injection of ADSC offers the cumulative benefits of both laser and cell-based therapies and avoids the disadvantages associated with BM-MSC. Given the small sample size and lack of a sham-treated control group, the efficacy results observed in our study must be interpreted with caution.

The major limitations of the current study are the small sample size and lack of a control group, which limits the statistical rigor of our findings and questions our efficacy results. However, the improvement in symptoms was accompanied by an improvement in myocardial function. Despite these limitations, our study provides an important opportunity to explore a new therapeutic option that has a great potential to improve the quality of life. These early findings need to be further validated by large multicenter randomized controlled trials.

Conclusions {#sec6}
===========

Our study demonstrates that TMLR combined with intramyocardial implantation of ADSC in patients with chronic refractory angina may be a safe and feasible option. In terms of efficacy, the improved angina class, quality of life and myocardial function noted in our study must be interpreted with caution, as without a sham-treated control group, no firm conclusions can be made about the efficacy of either ADSC or TMLR. This early experience needs future investigation and validation from large scale clinical trials.
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